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A systematic study of the resistivity and Hall effect in single crystal Nd2-a;Cea;Cu04_i films 
(0.f2 < a; < 0.20) is presented, with special emphasis on the low-temperature dependence of the 
normal state conductance. Two-dimensional weak localization effects are found both in a normally 
conducting underdoped sample {x — 0.12) and in situ superconducting optimally doped {x = 0.15) 
or overdoped {x = 0.18) samples in a high magnetic field B > 3^2- The phase coherence time 
r^(5.4 X 10~^^ s at 2K) and the effective thickness of a Cu02 conducting layer d(= 1.5A) have 
been estimated by fitting 2D weak localization theory expressions to magnetoresistivity data for 
magnetic fields perpendicular to the ah plane and in plane. Estimates of the parameter d ensure 
strong carrier confinement and justify a model consisting of almost decoupled 2D metallic sheets for 
the Nd2-a:Cea;Cu04_5 single crystal. 

PACS numbers: 74.60 Ec, 74.76 Bz. 

I. INTRODUCTION 

The field of high-transition-temperature (high- Tc) superconductivity has generated several thousand pubhcations in 
the last few years. For a short overview of the lattice structure and phase diagram of the most widely studied copper 
oxide compounds, such as hole-doped La2-a;Sra;Cu04 and YBa2Cu3 06-i-£!; or electron-doped L2_a;Cea:Cu04 (L=Nd 
or Pr), one can consult, e.g., the review in Ref. [1] or book by Plakida [2]. The copper oxide high-Tc materials are 
basically tetragonal, and all of them have one or more Cu02 planes in their structure, which are separated by layers 
of other atoms (Ba-O, La-0, Nd-0, ... ). Most researchers empirically and theoretically have come to a consensus 
that superconductivity is related to processes occurring solely in the conducting Cu02 planes, with the other layers 
simply providing the carriers (they are therefore called charge reservoirs). In the Cu02 planes, each copper ion is 
strongly bonded to four oxygen ions separated by approximately 1.9 A. 

Due to the layered character of the crystal structures, the high-Tc copper oxide compounds are highly anisotropic in 
their normal-state electrical properties. Although the resistivity in the Cu02 planes, pab^ shows metallic temperature 
dependence, the temperature behavior and the magnitude of the resistivity parallel to the c axis, pc, are strongly 
dependent on crystal structure, and on the concentration of charge carriers. 

Systematic data for pc in a number of high-Tc materials obtained on well characterized single crystals are presented 
by Ito et al. [3]. For hole-doped systems YBa2Cu306+x and La2-a;Sra;Cu04 pc exhibits a marked change in magnitude 
as well as in temperature dependence with changing hole concentration (i.e., changing x). For the underdoped (low x) 
and optimally doped (superconducting) compounds pc is non-metallic (dpc/dT < 0) at low enough temperatures. In 
both systems the anisotropy coefficient, Pc/pab, decreases noticeably with doping, being ~ 10^ for the superconducting 
compounds. 

The crystal structure T' of the electron doped Nd2-i^CexCu04_5 system is the simplest among the superconduct- 
ing cuprates with the perovskite structure [4]. The Cu atoms in the Cu02 layers of hole-doped La2-KSra;Cu04 or 
Nd2_2:_yCea;Srj,Cu04_5 (y > x) superconductors are surrounded by apical O atoms, forming octahedrons (T struc- 
ture) or semioctahedrons (T* structure). The most important difference in the crystal structures of Nd2(Ce)Cu04 
and La2(Sr)Cu04 is that the apical oxygen atoms in the T' structure are displaced so as to make an isolated Cu02 
plane (Fig.l). 

The undoped system Nd2Cu04 is an insulator, with the valence band mainly of O 2p character, and the empty 
conduction band being the upper Hubbard Cu 3d band. The Coulomb 3d — 3d repulsion at the Cu site [/(= 6 — 7 
eV) is strong, and it is greater than the oxygen to metal charge-transfer energy A(= 1 — 2 eV). As the gap between 
the conduction and valence bands is determined just by the energy A, these cuprates are classified as charge-transfer 
semiconductors [5]. 

The combination of Ce doping and O reduction results in n-type conduction in Cu02 layers in Nd2_i^CexCu04_5 
single crystals [4,6]. An energy band structure calculation [7] shows that the Fermi level is located in a band of 
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pda-typc formed by 3d {x^ — y^) orbitals of Cu and Pa-{x, y) orbitals of oxygen. The pda band appears to be of highly 
two-dimensional (2D) character, with almost no dispersion in the z-direction normal to Cu02 planes. The electrons 
are concentrated within the confines of conducting Cu02 layers, separated from each other by a distance c = 6A. 

In accordance with such a structure Nd2-ccCea;Cu04_5 , single crystals have a significantly higher resistive anisotropy 
than Y- or La- systems: pd Pah = 10^ for a; = 0.15 [8,9] and for 

X = 0.16 — 0.20 with different values of oxygen deficiency b [10] at room temperature, it increases with decreasing 
temperature [10]. Measurements by Ito et al. [3] for another electron-doped compound with the same T' structure, 
Pr2_a;Ce2;Cu04_5, show that for x = 0.15 the anisotropy is very large, Pc/Pab > 10^, and non-metallic Pc is observed. 
Preliminary measurements on a Pr-system with different x indicated that, as in the case of Y- and La- systems, pc 
decreases with increasing carrier concentration much more rapidly than p^b- 

The larger anisotropy in Nd- or Pr- systems compared with La- or Y- systems would imply that fluorite-type Nd202 
or Pr202 layers block out-of-plane conduction more effectively than NaCl- type La202 or Ba202 layers [3]. 

The non-metalic behavior of out-of-plane conductance suggests that the carriers are confined tightly in the Cu02 
plane [3]. It is thus of interest to search for two-dimensional effects in the in-plane conductance of the layered 
cuprates. There are several previous reports on the manifestation of 2D weak localization effects in the in-plane 
conductance of Nd2-2:Cea;Cu04_5 single crystals or films. Thus a linear dependence of resistivity on InT comes about 
at T < Tc for samples with x = 0.15, in which the superconducting state is destroyed by a magnetic field [11]. 
Furthermore, a highly anisotropic negative magnetoresistance, predicted for 2D weak localization, has been observed 
in the nonsuperconducting state at low temperatures: in samples with x = 0.11 [12] and in unreduced samples with 
X = 0.15 [13] or a; = 0.18 [14]. We report here a systematic study of 2D weak localization effects for a number of 
optimally reduced samples of Nd2_a;Cea;Cu04_5 with 0.12 < x < 0.20. 

II. EXPERIMENTAL PROCEDURE 

The flux separation technique was used for Nd2-:rCcj;Cu04_5 film deposition [15]. High-quality c-axis oriented 
single crystal films with thickness around 5000 A and 0.12 < x < 0.20 were grown. The values of Tj, after sample 
reduction are shown in Table 1. 

Figure 2 demonstrates that Tc of the film with x = 0.15 is in agreement with previously published data for bulk 
single crystals [4]. The values of for overdoped films with x > 0.17 are higher than for corresponding bulk crystals in 
accordance with the information of Xu et al. [16] that superconductivity survives up to a; = 0.22 in Nd2-xCexCu04-5 
films. 

Standard four-terminal measurements of the resistivity p and Hall effect R {j\\ab, B\\c) in the dc regime were carried 
out in the temperature range Tc < T < 300 K without a magnetic field B, and in magnetic fields up to _B = 12T at 
temperature down to 0.2 K. The electrical contacts were prepared by evaporating thin silver strips onto the sample, 
and attaching silver wires to these with conducting glue. 

III. RESULTS 

The temperature dependence of the zero-field in-plane resistivity for the investigated samples at T up to 300 K 
is shown in Fig. 3. A clear resistance minimum is observed at T = 150 K for the nonsuperconducting sample with 
X = 0.12. The p{T) dependence is described by p = po + ^ ■ at T = (20 - 180) K for x = 0.15, 0.17, and 0.18, and 
over the wider T — (10 — 300) K for x = 0.20. The values of po and A are presented in Table 1. 

We describe here the magnetoresistance measurements only for the underdoped nonsuperconducting sample (x = 
0.12) and for two overdoped superconducting samples (x = 0.18 and x = 0.20). Detailed investigations of p{B,T) 
dependencies for the optimally doped sample with x = 0.15 were presented earlier [17], as were some results on the 
x = 0.18 sample [18]. 

In the superconducting samples, normal-state transport at low T is hidden unless the magnetic field stronger than 
the second critical field Bc2 is applied. As we are interested in the low-temperature p{T) dependence, we have 
destroyed the superconductivity with a magnetic field B± perpendicular to the Cu02 planes. In Fig. 4, the p{B±) 
dependence for x = 0.20 at T = 1.3 K and T = 4.2 K in a magnetic fields up to i? = 5.5 T are presented. In the inset of 
Fig. 4, the dependence of the Hall coefficient R on magnetic field B± at T= 1.3K is also shown. On the assumption 
that B^^iT) 

is a field in which p{B±) and R{B±) at given T come up to their normal-state value, we have B^ = 2.2 T 
at T=1.3K and B^2 = 1-5T at T = 4.2K. 

In our previous investigation [18] of the sample with x = 0.18, negative magnetoresistance was observed after the 
destruction of superconductivity by a magnetic field up to 5.5 T at T > 1.4 K. In Fig. 5 p{B±) is shown for this sample 
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at much lower temperatures (down to 0.2 K) and in fields up to 12 T. The inset of Fig. 5 shows an example of R{B±) 
at given T < Tc- The nonmonotonic R{B±) behavior, with reversal of the sign of the Hall effect, is usually observed 
in the mixed state of the superconductor [18,19]. The transition to the normal state is completed at B = Bc2, where 
the Hall coefficient becomes nearly constant with the same value as in the normal state at T > Tc (i?c2 = 5 T at T = 
0.2 K). Values of Bc2 for a; = 0.18 estimated in this way at different temperatures are marked by the arrows in Fig. 6. 
This figure also clearly demonstrates the transition from positive to negative magnetoresistance after the suppression 
of superconductivity. 

In Fig. 7, the results of the theoretical description of the magnetoconductivity at -B > Bc2 are presented. Figure 8 
demonstrates that the resistivity of the sample with x = 0.18 is a linear function of InT in magnetic fields B > Bc2- 
The experimental points for B = 1.5T are also shown. If the logarithmic temperature dependence of the resistivity is 
typical of the normal state, then the discrepancy between the experimental points and the logarithmic law indicates 
that the normal state has not yet been attained at B = 1.5 T. 

We have also measured the in-plane conductivity in nonsuperconducting sample with a; = 0.12 for magnetic fields 
perpendicular and parallel to the Cu02 planes up to 5.5 T at T= 1.9 K and 4.2 K (Fig. 9). The positive magnetocon- 
ductivity (negative magnetoresistance) observed in this sample is obviously anisotropic relative to the direction of the 
magnetic field. 

IV. DISCUSSION 

A logarithmic temperature dependence of the conductivity is one indication of the interference quantum correction 
due to 2D weak localization. A magnetic field normal to the diffusion path of a carrier destroys the interference. In 

a two-dimensional system, it causes negative magnetoresistance for the field perpendicular to the plane, but no effect 
for the parallel configuration. Weak localization effects are almost totally suppressed for B± > B^r [20] , where the so 
called "transport field" is defined as the field at which 

2TTBtri^ = $0. (1) 

Here i is the elastic mean free path and $o = TTch/e is the elementary fiux quantum. 

Let us compare Eq. (1) with the relations between the coherence length ^ and the second critical field in the pure 
superconductor (^ <C 

27rBe2^' = $0, (2) 

or in the so-called "dirty limit" (C > 

2^Be2e^ = $o. (3) 

From Eqs. (1) and (2) we have Btr/Bc2 = (C/^)^) so Btr <S i?c2, and it is impossible to observe weak localization 
effects in the pure case. In contrast, from Eqs. (1) and (3) one has Btr/Bc2 = (C/^), B^r > Bc2, and weak localization 
should survive in the normal state {B > Bc2) of a dirty superconductor. 

In Table 2, the parameters of investigated samples essential to a description of localization are presented. From the 
experimental values of the in-plane resistivity p and Hall constant R in the normal state, we have obtained the surface 
resistance Rs = pjc per Cu02 layer and the bulk and surface electron densities n = (eR)~^ and rig = nxc (c = 6A 
is the distance between Cu02 layers). Using the relations [21] as = {e'^/'h)kFi for the 2D conductance as = l/Rs, 
and kp = (277/1^)^^^ for the Fermi wave vector, we have estimated the important parameter kp^, the mean free path 
£, and then according to Eq. (1) the characteristic field Btr- For the sample with x = 0.15 we use the data of Ref. 
[17]. 

In a random two-dimensional system, the parameter kp£ can serve as a measure of disorder [21]. It is seen from 
Table 2 that we have a wide range ~ (1 — 10^) of kpi in the investigated series of samples. For kpi ^ 1, a true 
metallic conduction takes place in Cu02 layer. Thus, we have a rather pure 2D system with kp^ ~ 10 for x = 0.15 or 
X = 0.18, and an extremely pure system with kp£ ^ 10^ for x — 0.20. It is quite remarkable that even at such high 
values of the parameter kpi, a trace of localization comes to light: for B± > Bc2, p is greater at 1.3 K than at 4.2 K 
(see Fig. 4). As for the sample with x = 0.12, where kpi is of the order of unity, this system is in close proximity to 
transition from weak logarithmic to strong exponential localization as disorder increases (fci?^ decreases). 

The second critical field B^ at temperatures around T = 1.4 K (see Figs. 4 and 5) and values of ^ estimated 
according to Eqs. (2) or (3) are also shown in Table 2. In the pure system with a; = 0.20, < £, and negative 
magnetoresistance is not detected a.t B > Bc2, at least for T > 1.3 K (see Fig. 4). Systems with x = 0.15 and 0.18 
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arc situated close to the dirty limit ^ ^ £, and there exist appreciable field ranges Bc2 < B < Btr where negative 
magnetoresistance due to 2D weak localization is actually observed (see Ref. [17] and Fig. 6). 

In 2D weak localization theory, the quantum correction to the Drude conductivity in a perpendicular magnetic field 
is [22]: 



Aas{B^) = 




where a is a factor of the order of imity, is the digamma function, and = c?i/4eL^. Here Lip = ^/Dt^ is the 
phase coherence length, D is the diffusion coefficient, and is the phase breaking time. 

The fit of (4) to the experimental as{B±) data for x = 0.18 at B± > B^ is shown in Fig. 7. For each temperature 
there arc two fit parameters: the characteristic field B^ (or L^) and the factor a. The widest range of rcqiusite 
magnetic fields and thus the most accurate fit results are obtained for the lowest temperature T — 0.2 K. With Btr 
= 22.5 T, the best fit is obtained for B,^ = 0.1 T (L^ = 560 A) and a = 6.6. The fitting procedure is highly sensitive 
to the value of the parameter a. In contrast, the value of is obtained only to order of magnitude, as we have no 
zero-field and weak-field data. Nevertheless, there is no doubt that the inequality B,p <^ Btr is valid. 

In the field range B,p B ^ Btr, the expression (4) can be written 

The inset of Fig. 7 shows that the experimental data at T = 0.2 K can be fitted rather closely by this simple formula 

over a wide range of fields, 5T < B < 11 T. But as we have the factor a = 6.6, negative magnetoresistance is too 
large to be due to the destruction of weak localization only. Thus we conclude that some additional mechanism of 
negative magnetoresistance must be at work. 

There exists another quantum correction to the normal-state conductivity with a logarithmic dependence of mag- 
netoresistivity on B, namely the correction due to disorder-modified electron-electron interaction (EEI) in the Cooper 
channel [23]. In the range of magnetic fields Bt <IC B <gc Btr, we have 

^'•^^'(^-'-ii-^m '"(!;)• 

where Bt = nch/2eL'^, Lt = \/%D/kT is the thermal coherence length, and g{T) is the effective interaction 

constant of two electrons with opposite momenta. For the attractive electron-electron interaction due to virtual 
phonon exchange, g > 0, and according to (6) the magnetoresistance should be negative. 

As we have dealt with in situ superconducting samples, so that g > 0, the contribution due to EEI is most probably 
the reason for the extra negative magnetoresistance at very low temperatures [Bt = 0.02 T at T = 0.2 K). With 
increasing temperature, the magnitude of the EEI conribution decreases rapidly {a = 2.5 at T = 0.8 K), and at T > 
1 K the estimated value of the factor is close to unity (a = 0.77 at T = 2.1 K), as it should be for weak localization. 

It should be noted that pronounced negative magnetoresistance due to the suppression of weak electron localization is 
observed in ordinary superconductors as well. The electron transport properties of three-dimensional (3D) amorphous 
a-MosSi and a-NbsGe superconducting films have been investigated in magnetic fields up to i? = 30 T at temperatures 
down to T = 0.35 K [24]. The authors have found that both the temperature and field dependence of the resistivity 
p can be qualitatively described by weak localization theory. At low temperatures and in magnetic fields above 
the upper critical field, B > Bc2, magnetoconductivity is proportional to B^l"^ . This field dependence is consistent 
with weak localization in the high-field limit (B 3> B^p) for 3D disordered systems, in contrast to a 2D system with 
Acr(B) - InS. 

One important indication of the 2D character of a system is the strong dependence of magnetoresistance on magnetic 
field orientation. Highly anisotropic (negative) magnetoresistance is actually observed in a nonsuperconducting sample 
with a; = 0.12 (see Fig. 9). From the fit to a, (_B^) by the fimctional form (4) with a = 1, we find = 770 A at T = 1.9 K 
and = 550 A at T = 4.2 K, so that the phase coherence time r,^ = 5.4 x 10"^^ s at T = 1.9 K and r,^ = 2.7 x 10"^^ s 
at T = 4.2K. 

Wo explain the much weaker negative magnetoresistance for the parallel configuration B\\ab by incorporating finite- 
thickness (d) corrections into the strictly 2D theory [25]: 
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(5) 



(6) 



By fitting the theoretical expression (7) to the curves for o"(i?||) (sec Fig. 9), wc have found the effective thickness 
of a conducting Cu02 layer, d = 1.5 A. This value yields an estimate for the extent of the electron wave function in 
the normal direction, and ensures strong carrier confinement {d < c). The single crystal NdCeCuO can therefore be 
regarded as an analog of an ultra-short-period superlattice (1.5 Awclls / 4.5 Abarriers). 

As the 2D version of weak localization theory is able to describe the behavior of (t(_B,T) in our sample, the 
inequality Tesc > Tip should be valid for the escape time of an electron from one Cu02 plane to another. Then we have 
Tesc > 5 X 10~^^ s. The escape time between adjacent wells in a superlattice can also be estimated from the value of the 
normal diffusion constant, Tesc = c'^/D±. For the parameters of our sample at 300K, we have [9] D^^/D± = 1.7 x 10"* 
with the in-plane diffusion constant £>|| = 1.2 cm^ s~^. Then Tgsc = 5 x 10~^^ s even at room temperature, so Tesc > t.^ 
with certainty at low temperatures. 



V. CONCLUSION 



We have investigated the low-temperature and magnetic field dependence of the normal state in-plane resistivity, Pab, 
in a layered copper oxide single crystal Nd2-aCe,;Cu04-<5. The material is regarded as an intrinsic two-dimensional 
conduction system (a collection of 2D conducting Cu02 planes), and the results are interpreted in terms of the 2D 
weak localization model. Three indications of 2D weak localization have been displayed: logarithmic temperature 
dependence of the resistivity, significant negative magnetoresistance for a field normal to the a6-plane, and pronounced 
magnetoresistance anisotropy (much weaker effect for a parallel configuration). A strong dependence of the magnitude 
of magnetoresistance on the direction of the magnetic field is the most important experimental test for the two- 
dimensional character of a conducting system. 

In a series of samples with a; = (0.12- 0.20), we have a full range of disorder parameter values, fc^i* = (2 - 150). 
Estimates of essential microscopic parameters, such as the elastic mean free path £, the inelastic scattering length L^, 
and the effective thickness of a conducting layer d, have shown that in accordance with the adopted model, d <^ £ \ 
Lif, <C i (i is the geometrical thickness of a sample). Moreover, our estimates show that the thickness of the conducting 
layer is less than the distance between Cu02 layers, d < c, and this favors carrier confinement within a separate 
Cu02 layer. Thus, the NdCeCuO single crystal can be described as a natural superlattice with a confining potential 
induced both by the specific pdxj symmetry of the electron wave function and strong Coulomb correlation effects. 

This research was supported by the Russian Program "Current Problems in Condensed Matter Physics" (Grant 
No.98004) and the Russian Foundation for Basic Research (Grant No.99-02-17343). 
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Table 1. 



X 


t, A 


Tc, K 


Po X lo^ 

ohm-cm 


P3aoK X 10^ 
ohm -cm 


PdoaK/pa 


A X 10^ 
ohm-cm/K^ 


0.12 


5500 






102 






0.15 


5000 


20 


8.2 


42.4 


5.2 


4.0 


0.17 


5700 


12 


8.6 


29.6 


3.4 


2.7 


0.18 


5000 


6.0 


6.0 


23.5 


3.9 


2.2 


0.20 


4000 


< 1.3 


1.1 


10.0 


9.1 


1.1 



Table 2. 



X 


n X 10 cm ^ 






Btr, T 


B^2, T 
(T = 1.4K) 




0.12 


0.2* 


2 


- 10 


- 270 






0.15 


2.0* 


18 


- 30 


- 30 


5.5 


180 


0.18 


1.1 


25 


40 


22.5 


4.0 


200 


0.20 


1.0 


150 


240 


0.6 


2.2 


150 



* Data from Ref. [4] at T = 80 K. 



Figures 

Fig. 1. Crystal structure of three types of copper oxides (Ref. [4]). 

Fig. 2. Phase diagram of Nd2-xCea;Cu04_5. Notation: triangles and circles - data of Ref. [4] (triangles - Tc = 0); 
crosses - our data. 

Fig. 3. Temperature dependence of in-planc resistivity for the samples investigated Nd2-2;Cc2;Cu04_d'. 

Fig. 4. In-plane resistivity (j _L B) of the sample with x = 0.20 as a function of magnetic field B L ab &i two 
different temperatures. Arrows indicate values of the second critical field. Inset : Hall coefficient (j||a6; B ± ab) as a 
function of magnetic field at T = 1.3 K. 

Fig. 5. In-plane resistivity (j _L B) of the sample with x = 0.18 as a function of magnetic field B ± ab a,t different 
temperatures. Inset: Hall coefficient {j\\ab;B _L ab) as a function of magnetic field at T = 0.2 K. The arrow shows 
the estimate for the second critical field. 

Fig. 6. Negative magnetoresistance at B > Bc2 in the sample with x = 0.18. Arrows indicate values of the second 
critical field Bc2 at different temperatures. 

Fig. 7. Fit of the expression (4) to experimental data on the surface conductivity of the sample with a; = 0.18 at 
T = 0.2K. Fit parameters of the broken line are: B^ = {).n, a = 6.6. Inset: Surface conductivity as a function of 
\nB. 

Fig. 8. In-plane resistivity of the sample with a; = 0.18 as a function of InT in different magnetic fields. 
Fig. 9. Surface conductivity of the sample with x = 0.12 as a function of magnetic field B± {B _L ab) or By (B||a6) 
at different temperatures. 
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